The use of bismuth vanadate (BiVO 4 ) scheelite structures for converting solar energy into fuels and chemicals for fast growth in lab to industrial scale for large-area modules is a key challenge for further development. Herein, we demonstrate a new ultrasonic spray technique as a scalable and versatile coating technique for coating pristine and doped nanoporous BiVO 4 thin film photoanodes directly on FTO-coated glass substrates for water splitting under visible irradiation. The successful Mo doping in BiVO 4 lattice was confirmed by various characterization techniques such as XRD, Raman, EDS and XPS.
Introduction
Splitting water into hydrogen and oxygen through photoelectrochemical (PEC) solar energy conversion is one of the best approaches for solar fuel applications. [1] [2] [3] [4] The complete photoelectrochemical water splitting process includes two half reactions, namely, water reduction and oxidation. However, due to the multistep proton-coupled electron transfer process, water oxidation is more challenging in terms of thermodynamics and kinetics. This process can determine the water splitting efficiency. To date, numerous metal oxides, such as TiO 2 , 5 a-Fe 2 O 3 ,
6
WO 3 (ref. 7) and BiVO 4 , [8] [9] [10] have been used as photoanodes for enhancing the oxygen evolution reaction (OER) from water oxidation. From the above-mentioned photoelectrode materials, BiVO 4 is one of the most promising scheelite-type photoanode materials with an appropriate valence band position for OER. So far, BiVO 4 thin lms have been deposited by chemical as well as physical techniques such as spin-coating, 11 dipcoating, 12 electrostatic spray/ultrasonic spray pyrolysis, [13] [14] [15] reactive magnetron co-sputtering 16 and facile successive ionic layer adsorption and reaction (SILAR). 17 On the other hand, the physical technique of ultrasonic spraying is the most popular and promising technique because of its simplicity, large area production capability and absence of a non-vacuum process.
So far, the ultrasonic spray technique has been used for the synthesis of various nanomaterials including perovskite solar cells (PSCs). To nd commercial applications for solar fuels, it is highly important to develop large-area deposition techniques to fabricate uniform photoelectrodes. Furthermore, it is wellknown that nanoarchitectures provide unique properties to improve the performance. Therefore, the synthesis of a uniform nanoporous layer of BiVO 4 is a key parameter in water splitting. Moreover, improving the short diffusion length of BiVO 4 by appropriate dopants, heterojunction formation or metal ion treatment is also important. 18, 19 Therefore, an effective deposition technique with positive dopants can help develop onsite applications of solar fuel. Cost saving by using less materials, low maintenance cost, highly uniform deposition for large-area application and simple assembly of equipment are the four main features of the ultrasonic spray technique. Herein, we report the synthesis of nanoporous BiVO 4 thin lms by using the ultrasonic spray technique. However, it is well-known that the photoelectrochemical performance of pristine BiVO 4 is limited due to its short carrier diffusion length, which restricts the thickness of the photoelectrodes. 20 Therefore, the synthesized nanoporous BiVO 4 photoelectrodes have been used for water splitting under visible-light irradiation.
Preparation of BiVO 4 thin lm electrodes
The FTO-coated glass substrates were cleaned with detergent, water and ethanol. A feeding solution containing 0. as shown in Fig. 1 . The prepared light yellow lms were further annealed at 450 C for 1 h and used for further characterizations.
Characterizations
The top-surface and cross-sectional images of un-doped and Mo-doped BiVO 4 thin lms were recorded by a scanning electron microscope (SEM; S-4700, Hitachi). Transmission electron microscopy (TEM) micrographs, selected area electron diffraction (SAED) patterns and high-resolution transmission electron microscopy (HRTEM) images were obtained by TECNAI F20 Philips operated at 200 kV. X-ray diffraction (XRD) measurements were carried out using a D/MAX Ultima III XRD diffractometer (Rigaku, Japan) with Cu-Ka line at 1.5410Å. The elemental analysis of the deposited samples was performed using an X-ray photoelectron spectrometer (XPS) (VG Multilab 2000-Thermo Scientic, USA, K-Alpha) with a multi-channel detector, which can endure high photonic energies from 0.1 to 3 keV. The micro-Raman spectra of the BiVO 4 samples were recorded in the spectral range of 100-1000 cm À1 using a microRaman spectrometer (JASCO, NRS-5100 Raman microscope) that employed a He-Ne laser source with an excitation wavelength of 633 nm and resolution of 1 cm À1 at 15 mW laser power.
Photoelectrochemical measurements
The photoelectrochemical (PEC) properties of un-doped and Mo-doped BiVO 4 photoanodes were evaluated using Iviumstat (Ivium Technologies B.V., Eindhoven, the Netherlands) with a three-electrode H-type cell divided into working and counter electrode compartments by Naon 117 (DuPont) ( calibrated to 100 mW cm À2 by using a thermopile detector and a National Renewable Energy Laboratory -certied reference cell. J-V curves were measured by sweeping the potential in the positive direction at a scan rate of 10 mV s À1 in dark and under illumination. Electrochemical impedance spectroscopy (EIS) was conducted using Iviumstat (Ivium Technologies B.V., Eindhoven, the Netherlands) at an open-circuit potential at frequencies ranging from 10 À1 to 10 5 Hz with AC amplitude of 10 mV.
Results and discussion
The surface morphology of the as-deposited samples was studied by scanning electron microscopy (SEM) (Fig. S1 †) . The SEM micrograph of as-deposited pristine BiVO 4 sample exhibited irregular deposition and agglomeration of nanoparticles (Fig. S1a †) , whereas as-deposited Mo:BiVO 4 showed uniform coating with porous nanostructures (Fig. S1b †) . To crystallize and remove the remaining solvent, we annealed these samples at 450 C for 2 h. Fig. 2 Raman spectra showed the same features for pristine BiVO 4 and Mo:BiVO 4 thin lms (Fig. 4) . The prominent peak at 827.53 cm À1 was assigned to stretching mode n s (V-O) vibration. Careful observation revealed a weak shoulder at 710 cm À1 corresponding to n as (V-O). Fig. 5 shows the TEM images of Mo:BiVO 4 sample at different magnications. The HRTEM images and SAED pattern were recorded to analyse the crystal structures of the Mo:BiVO 4 nanoporous sample. The SAED intense ring pattern (Fig. 5b inset) adjacent lattice fringes, as shown in Fig. 5d . The highly polycrystalline nature of BiVO 4 was conrmed from the continuous bright long lattice fringes. The elemental analysis was conrmed by recording STEM/EDS elemental mapping ( Fig. 5e-j) . The elemental mapping conrmed the uniform distribution of bismuth, vanadium, oxygen and molybdenum throughout the surface. The calculated Mo doping percentage was $1.85%. 26, 27 Optical properties of these samples were conrmed by UV-Vis spectroscopy, as shown in Fig. S2 . † Both electrodes showed typical light absorption in the UV and visible wavelength ranges. The band edge for BiVO 4 thin lm sample was observed at nearly 515 nm, which further increased up to 537 nm. From the Tauc plots, it was observed that the initial band-gap of 2.41 eV reduced to 2.31 eV due to Mo doping.
Chemical compositions of un-doped and Mo:BiVO 4 samples were analysed by XPS (Fig. 6) . The binding energies of pristine BiVO 4 sample for Bi(4f 5/2 ) and Bi(4f 7/2 ) core levels were located at 163.77 and 158.47 eV, respectively; however, for the Mo:BiVO 4 sample, these core levels slightly shied toward higher energy and appeared at 163.96 and 158.59 eV, respectively. Besides, the binding energies of V 2p showed negligible difference between BiVO 4 and Mo:BiVO 4 (Fig. 6a) . In contrast, the V 2p states at 523.70 and 516.45 eV for BiVO 4 slightly shied to 524.36 and 516.82 eV for Mo:BiVO 4 (Fig. 6b) . This shi may be caused by different electronegativities of Mo 6+ and V
5+
. The two peaks at 529.5 and 531.3 eV were ascribed to the lattice oxygen (O 1s) of BiVO 4 crystal and -OH groups formed on the surface of both samples, respectively (Fig. 6c) (Fig. 6d) . 22, 30 No additional phases were observed. Furthermore, the doping concentration of Mo:BiVO 4 was determined to be $2% via XPS spectra. These results are also consistent with the results of EDS (Fig. S3 †) and XPS analyses (Fig. S4 †) .
The photoelectrochemical properties of undoped and Mo doped BiVO 4 thin lms were tested in an H-cell twocompartment cell composed of FTO/BiVO 4 as the photoanode, Ag/AgCl as the reference electrode and Pt mesh as the counter electrode. The experimental arrangement for photocurrent measurements is shown in Fig. 7a . Here, Naon 117 membrane was used to separate the cathode and anode compartments. A three-electrode cell conguration was used for the measurements. FTO/BiVO 4 , Ag/AgCl and Pt mesh were used as the working electrode, reference electrode and counter electrode, respectively. Fig. 7b shows the processes in which the holes react with OH-in the electrolyte to produce oxygen (4OH À + 4h
. 16 At the same time, the electrons can transfer to the counter electrode (Pt electrode) to react with water to produce hydrogen (2H 2 O + 2e
. This results in a photocurrent, and its intensity mainly depends on the charge carrier separation rate and thus can reect true water splitting. The photocurrent generation activity of both type of samples was studied under 100 mW cm À2 (AM 1.5 G) illumination in 0.5 M Na 2 SO 4 electrolyte. The measured photocurrent-density curves versus applied potential for both type of electrodes are shown in Fig. 7c . During measurement of current in the dark, a very negligible current of $0.05 mA cm À2 was observed at $1.3 V (vs. Ag/AgCl), which may be due to the non-faradic reaction. To measure the rate of hydrogen and oxygen production by water splitting, current-voltage measurements are the best option. Fig. 7c shows the J-V plots of pristine BiVO 4 and Mo:BiVO 4 samples measured under illumination. It is clear that the photo-generated current density for Mo:BiVO 4 is much higher than that of pristine BiVO 4 . This enhanced photoelectrochemical water oxidation for Mo:BiVO 4 can be ascribed to the enhanced hole diffusion length and increased charge separation, which reduces the charge transfer resistance for water oxidation. Furthermore, it is noted that Mo doping facilitates improved electron mobility. It is also noted that the nanoporous network facilitates enhanced electronic transport due to Mo doping. Interestingly, these photoelectrodes are quite stable and show good photocurrent stability as well as switching behaviour (Fig. 7d) . 30 Electrochemical impedance spectroscopy (EIS) measurements of pristine sample and Mo:BiVO4 sample were further obtained to investigate the charge transfer resistance and separation efficiency. As shown in Fig. 8 (Fig. S5 †) clear that the Mo:BiVO 4 sample shows much higher stability and performance than the pristine BiVO 4 electrode.
Conclusions
In conclusion, we have successfully developed a new method to synthesize pristine and doped BiVO 4 nanoporous thin lms using the ultrasonic spray technique for efficient water splitting under visible-light irradiation. The pristine and Mo-doped BiVO 4 nanoporous thin lms were characterized by XRD, HRTEM and XPS. Our water splitting results revealed enhanced photocurrent density for Mo:BiVO 4 against that for pristine BiVO 4 due to the nanoporous structure and Mo doping. The present ultrasonic spray technique opens a new approach toward large-area deposition of nanoporous BiVO 4 photoelectrodes for onsite applications.
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